Modification of nuclear reactions due to impurities in plasma is investigated. The hindering effect of Coulomb repulsion between reacting particles, that is effective in direct reactions, can practically disappear if Coulomb interaction of the reacting particles with impurities embedded in plasma is taken into account. The change of the wavefunction of reacting particles in nuclear range due to their Coulomb interaction with impurity is determined using standard time independent perturbation calculation of quantum mechanics. The result can be interpreted as if a slow, quasi-free particle (e.g. a proton) were pushed by a heavy, assisting particle (impurity) of the surroundings and can get (virtually) such a great magnitude of momentum which significantly increases the nuclear contact probability density and also the probability of its capture by an other nucleus. As a sample reaction the process, called impurity assisted nuclear pd reaction is investigated and the rate and power densities produced by the reaction are numerically calculated. With the aid of astrophysical factors the rate and power densities of the impurity assisted d(d, n) 
I. INTRODUCTION
Nuclear fusion reactors need to be heated to very high temperature to overcome the Coulomb repulsion between nuclei to fuse. [1] . (Mathematically it is manifested in the exponential energy dependent factor in the cross section of fusion reactions [see (6) ]. For details see Section II.)
The effect of surroundings on nuclear fusion rate in astrophysical condensed and dense laboratory plasmas has been extensively studied in the case of usual nuclear reactions. In tenuous plasmas the effect of spectator nuclei and electrons (the environment) on the Gamow-rate of reacting nuclei which are assumed to interact with bare Coulomb potential is negligible [2] . Moreover in some (e.g. tokamak-like) devices the presence of impurities during the heat up and working periods is undesirable because of high loss power generated by them [3] .
In this paper it will be shown however, that spectator nuclei can significantly enhance nuclear processes and allow new types of reactions.
We are going to investigate these processes of new type that can take place due to impurities and their effect on nuclear fusion devices. We focus our attention on Coulomb interaction between fuel nuclei and environment, namely on consequences of interactions with impurities which can activate new type of reactions of cross section of considerable magnitude which may change the condition of necessary plasma temperature and what is more remarkable, the mechanism found does not need plasma state at all.
We investigate the
process called impurity assisted proton capture, a process among atoms or atomic ions containing A1 z1 V nuclei (e.g. Xe) and protons or hydrogen atoms and ions or atoms of nuclei A3 z3 X (e.g. deuterons) that are initially supposed to be in a plasma. ∆ is the energy of the reaction. In normal case proton capture may happen in the
reaction where γ emission is required by energy and momentum conservation. Accordingly (1) describes a new type of p-capture. In the usual p-capture reaction (2) particles A3+1 z3+1 Y and γ take away the reaction energy and the reaction is governed by electromagnetic interaction. In reaction (1) the reaction energy is taken away by particles First we pay our attention to the impurity assisted
in an impurity contaminated plasma, that will be discussed in more detail.
Cross section and rate of process (1) to be considered can be calculated by the rules of time-independent perturbation calculation of quantum mechanics [4] . Our results indicate that the cross section of process (1), which is an indirect (second order) reaction, may be essentially higher with decreasing energy than the cross section of a usual, direct (first order) reaction since the huge exponential drop in the cross section (6) with decreasing energy disappears from the cross section of process (1) .
The disappearence of the exponential energy dependent factor in (6) means that due to impurity assisted reactions (1) the extra high temperature needed to ignite nuclear fusion in plasma may be appreciably reduced.
A less precise picture, still abiding the rules of second order time-independent perturbation calculation of quantum mechanics, can help to understand the effect with the aid of graphs (Fig. 1.) .494 M eV is the atomic energy unit and a 14 is determined by (8) . (The initial momenta and kinetic energies are assumed to be negligible.) Because of momentum conservation in Coulomb scattering of plane waves the wave vector k 2 ′ of particle 2' is determined as k 2 ′ = −k 1 ′ , i.e. |k 2 ′ | = k 0 too. Consequently |k 2 ′ | is large enough for particle 2' to effectively overcome the Coulomb repulsion. (For the details of the rigorous calculations see in Section III.)
A generalization of (1) can be the reaction
that will be briefly discussed to draw conclusions as to the possible modification of appropriate fuels of nuclear fusion reactors by impurity assisted reactions. As a further generalization the reaction
with two final fragments is also considered. In Section II. the essential role of the Coulomb factor is discussed. Section III. is devoted to the discussion of the model. The change of the wavefunction in the nuclear range due to the impurity is determined. The transition probability per unit time, cross section, rate and power densities of impurity assisted p + d → 3 He reaction, which is the simplest impurity assisted proton capture reaction in an atomic-atom ionic gas mix, are given. The cross section of impurity assisted reactions with two final fragments are determined and the affect of plasma-wall interaction on the process is also considered. In Section IV. the rate and power densities in a p − d − Xe atomic atom-ionic gas mix are calculated numerically. Section V. is a partial overview of some other impurity assisted nuclear reactions and gives account of the estimated power densities of the impurity 
II. COULOMB FACTOR
The cross section (σ) of usual fusion reactions between particles 2 and 3 reads as [5] σ
where E is the energy taken in the center of mass (CM ) coordinate system.
is the Sommerfeld parameter. Here k is the wave number vector of the particles 2 and 3 in their relative motion, is the reduced Planck-constant, c is the velocity of light in vacuum and
is the reduced mass number of particles j and k of mass numbers A j and A k and rest masses
.494 M eV is the atomic energy unit, α f is the fine structure constant. The cross section (6) can be derived applying an approximate form
of the Coulomb solution ϕ Cb (r) [6] valid in the nuclear volume that produces the same |ϕ(0) Cb,a | 2 = f 2 23 /V contact probability density as ϕ Cb (r). Here r = r 2 − r 3 is the relative coordinate of particles 2 and 3 of coordinate r 2 and r 3 , and f 23 (k) is the Coulomb factor
corresponding to particles 2 and 3. The cross section is proportional to f 
III. MODEL OF IMPURITY ASSISTED NUCLEAR REACTIONS IN AN ATOMIC-ATOM IONIC GAS MIX A. Change of wavefunction in nuclear range
We focus on the modification of nuclear reactions in a plasma. At first capture processes are dealt with. It is supposed that all components are in atomic, atomionic or fully-ionized state while the necessary number of electrons required for electric neutrality are also present.
Let us take three screened charged particles of rest masses m j (j = 1, 2, 3). Particles are heavy and have nuclear charges z j e with e the elementary charge and z j the charge number. (The coupling strength e 2 = α f c.) The total Hamiltonian which describes this 3-body system is
where H 1 = H kin,1 is the Hamiltonian of particle 1 which is considered to be free (H kin,j denotes the kinetic Hamiltonian of particle j),
is the Hamiltonian of particles 2 and 3. Their nuclear reaction will be discussed later. Here and in (11) V Cb (j, k) denotes screened Coulomb interaction between particles j and k with screening parameter q sc,jk and of form in the coordinate representation
where r jk = r j − r k is the relative coordinate between particles j and k of coordinate r j and r k . H kin,2 and H kin,3 are the kinetic Hamiltonians of particles 2 and 3. It is supposed that stationary solutions |1 and |2, 3 sc of energy eigenvalues E 1 and E 23 of the stationary Schrödinger equations H 1 |1 = E 1 |1 with E 1 the kinetic energy of particle 1 and H 23 |2, 3 sc = E 23 |2, 3 sc with E 23 = E CM + E rel are known. Here E CM and E rel are the energies attached to the center of mass (CM ) and
as the interaction Hamiltonian (perturbation). The stationary solution |1, 2, 3 sc of H 0 |1, 2, 3 sc = E 0 |1, 2, 3 sc with E 0 = E 1 + E 23 can be written as |1, 2, 3 sc = |1 |2, 3 sc which is the direct product of states |1 and |2, 3 sc . The states |1, 2, 3 sc form an orthonormal complete system. The approximate solution of H tot |1, 2, 3 sc = E 0 |1, 2, 3 sc in the screened case is obtained with the aid of standard time independent perturbation calculation [4] and the first order approximation is expanded in terms of the complete system. The terms which differ from the initial state and which are considered to be intermediate from the point of view of the next step of perturbation calculation taking into account strong interaction will be called intermediate states.
The solution of H 23 |2, 3 = E 23 |2, 3 in the unscreened case is known and the coordinate representation R, r |2, 3 = ϕ 23 (R, r) of |2, 3 has the form
where K, R = (m 2 r 2 + m 3 r 3 ) / (m 2 + m 3 ) and r = r 23 are wave vector of the CM motion, CM and relative coordinate of particles 2 and 3, respectively, V denotes the volume of normalization and
is the unscreened Coulomb solution [6] . Here k is the wave number vector of the particles 2 and 3 in their relative motion and f (k, r) = e −πη23/2 × Γ(1 + iη 23 )× and
The two important limits of the eigenstate |2, 3 sc in the case of screened Coulomb potential are the solution in the nuclear volume and the solution in the screened regime. (In the screened case the coordinate representation R, r |2, 3 sc is denoted by ϕ 23 (R, r) sc .)
In the screened case and in the nuclear volume the approximate form (9) 
is used in the range of the nucleus and in the calculation of the nuclear matrix-element. The other important limit of |2, 3 sc is the screened (outer) range where ϕ 23 (R, r) sc becomes
of energy eigenvalue also E 23 = E CM + E rel . It is used in the calculation of the Coulomb matrix element. From the point of view of the processes investigated the initial state of negligible wave number and energy (E 0 = E i = 0) can be written as ϕ i = V −3/2 for particles 1, 2 and 3 that are somewhere in the normalization volume. The intermediate states of particles 2 and 3 are determined by the wave number vectors K and k. In the case of the assisting particle 1 the intermediate state is a plane wave of wave number vector k 1 .
The matrix elements V Cb,νi of the screened Coulomb potential between the initial and intermediate states are
where a(s) = −A 3 δ s,2 + A 2 δ s,3 A 2 + A 3 and s = 2, 3.
which according to standard time independent perturbation theory of quantum mechanics [4] determine the first order change of the wavefunction in the range r R 0 (R 0 is the nuclear radius of particle 3) due to Coulomb perturbation as
where E i and E ν are the kinetic energies in the initial and intermediate states, respectively. The initial momenta and kinetic energies of particles 1, 2 and 3 are neglected (E i = 0).
.
It can be seen that the arguments of f 23 (k) are A3 A2+A3 k 1 and A2 A2+A3 k 1 , here k 1 = |k 1 |. Consequently, if particle 1 obtains large kinetic energy, as is the case in the nuclear reaction, then the Coulomb factors f 23 (k) and the rate of the process too will considerably increase. Furthermore, δϕ (r), which causes the effect, is temperature independent. Up to this point the calculation and the results are nuclear reaction and nuclear model independent.
B. Transition probability per unit time and cross section of p-capture
Now we can calculate the rate of nuclear reaction due to the modification caused by particle 1. (The intermediate and final states of particle 1 are identical.)
The Hamiltonian V st (2, 3) of strong interaction which is responsible for nuclear reactions between particles 2 and 3 is
We take V 0 = 25 M eV and b = 2 × 10 −13 cm [7] in the case of pd reaction.
The final state of particle 1 is a plane wave of wave number k 1 and of kinetic energy E 1f = 2 k 2 1 / (2m 1 ). The final state of the captured proton has the form
where Φ f (r) is the final nuclear state of the proton in particle 4 and k 4 is the wave vector of particle 4. It has kinetic energy E 4f = 2 k 2 4 / (2m 4 ). The Weisskopfapproximation is used, i.e. Φ f (r) = Φ f W (r) with
if r ≤ R 0 , where R 0 is the nuclear radius, and Φ f W (r) = 0 for r > R 0 .
V st,f ν is the matrix element of the potential of the strong interaction between intermediate
Since Φ f W (r) and V st (r) both have spherical symmetry the spherical term sin (kr) / (kr) remains from e ik·r , which is present in ϕ Cb,a (k, r), in the nuclear matrixelement. With the aid of the above wave function and the b = R 0 assumption
where
According to standard time independent perturbation theory of quantum mechanics the transition probability per unit time W
of the process can be written as
Collecting everything obtained above, substituting (32) into (31), neglecting q 
23 of the process is defined as
where N 1 is the number of particles 1 in the normalization volume V and v 23 /V is the flux of particle 2 of relative velocity v 23 .
where n 1 = N 1 /V is the number density of particles 1 and
with
The magnitude of quantities f 23 [a(s)k 0 ], s = 2, 3 mainly determines the magnitude of the rate and power densities.
C. Rate and power densities
The rate dN pd /dt in the whole volume V can be written as
23 ,
where Φ 23 = n 2 v 23 is the flux of particles 2 with n 2 their number density (n 2 = N 2 /V ) and N 3 is the number of particles 3 in the normalization volume. The rate density r pd = dn pd /dt = V −1 dN pd /dt of the process can be written as
where n 3 is the number density of particles 3 (n 3 = N 3 /V ). The power density is defined as
with P pd = S pd ∆. The rate and power densities (dn pd /dt and p pd ) are temperature independent.
D. Cross section of reactions with two final fragments in long wavelength approximation
In the case of reactions with two final fragments (see Fig.1b and (5)) the nuclear matrix element can be derived from the S(E) quantity of (6), i.e. in long wavelength approximation from S(0) which is the astrophysical factor at E = 0. It can be done in the following manner.
Calculating the transition probability per unit time W (1) f i of the usual (first order) process in standard manner relative wave number vector k f .) It is supposed that h f i does not depend on k i and k f namely the long wavelength approximation is used. In this case the product of the relative velocity v 23 of the initial particles 2, 3 and the cross section σ 23 is
On the other hand, v 23 σ (1) 23 is expressed with the aid of (6) and v 23 = 2E/ (m 0 a 23 ). From the equality of the two kinds of v 23 σ (1) 23 one gets
In the case of the impurity assisted, second order process
where K f and k f are the final wave number vectors attached to CM and relative motions of the two final fragments, particles 4 and 5. k f appears in E f in the energy Diracdelta. Repeating the calculation of the transition probability per unit time of the impurity assisted, second order process applying the above expression of |V st,f ν | one gets
where 
Here
In the index ′ reaction ′ the reaction resulting the two fragments will be marked.
E. Cross section of reactions with two final fragments beyond long wavelength approximation
If |h f i | has k 1 dependence then it is manifested through the relative energy (E) dependence of the astrophysical factor [S(E)] and it can be expressed as
Consequently
The argument of S(E) in the integrand is
F. Atomic atom-ionic gas mix and wall interaction
It is plausible to extend the investigation to the possible consequence of plasma-wall interaction. The role of particle 1 is played by the wall which is supposed to be a solid (metal) from atoms with nuclei of charge and mass numbers z 1 and A 1 . For initial state a Bloch-function of the form
is taken, that is localized around all of the lattice points [8] . Here r 1 is the coordinate, k 1,i is wave number vector of the first Brillouin zone (BZ) of the reciprocal lattice, a(r 1 − L) is the Wannier-function, which is independent of k 1,i within the BZ and is well localized around lattice site L. N 1 is the number of lattice points of the lattice of particles 1. Repeating the transition probability per unit time and cross section calculation applying (51) (after a lengthy calculation which is omitted here) it is obtained that cross section results (formulae (35), (36) and (37) in case of proton capture, (44), (45) 
IV. RATE AND POWER DENSITIES IN
is not suitable for energy production since its cross section (the S(0) value, see [5] ) is rather small compared with other candidate reactions and only a minor part of the reaction energy ∆ = 5.493 M eV = 8.800 × 10 −13 J is taken away by 3 He (E3 He = ∆ 2 / 6m 0 c 2 = 5.4 keV ) and the main part E γ = 5.488 M eV is taken away by γ radiation which is difficult to convert to heat. However, in reaction (3) the reaction energy is taken away by particles 
where z 1 is the charge number of the assisting nucleus and with
respectively. Taking z 1 = 54 (Xe) and n 1 = n 2 = n 3 = 2.65 × 10 20 cm −3 (n 1 , n 2 and n 3 are the number densities of Xe, p and d, i.e. particles 1, 2 and 3) one gets for rate and power densities considerable values: 
. If the impurity is Hg or U then the above numbers must be multiplied by 2.2 or 2.9, respectively. One must emphasize that both rate and power densities (dn pd /dt and p pd ) are temperature independent. It must be mentioned too that the effect is not affected by Coulomb screening and the only condition is that the participants must be in atomic or in atom-ionic state. This requirement and the temperature independence of dn pd /dt and p pd greatly weaken the necessary conditions.
V. OTHER IMPURITY ASSISTED NUCLEAR REACTIONS
Now let us consider the impurity assisted proton captures (1) in general. The reaction energy ∆ is the difference between the sum of the initial and final mass excesses, i.e. ∆ = ∆ p + ∆ A3,z3 − ∆ A3+1,z3+1 . Since particle 1 assists the nuclear reaction its rest mass does not change. ∆ p , ∆ A3,z3 and ∆ A3+1,z3+1 are mass excesses of proton,
